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ABSTRACT 
 
Juneil Lee: Modeling groundwater for the coastal plain region of North Carolina 
 (Under the direction of Cass T. Miller) 
 
Groundwater is main source of water in the Central Coastal Plain (CCP) of North 
Carolina.  The use of groundwater in the CCP has increased steadily over the last few 
decades. This increased used has led to declining water levels and increased levels of salts in 
water, which originate from the Atlantic Ocean. This phenomenon is known as saltwater 
intrusion. Saltwater intrusion can render water unsuitable for human consumption, and 
certain other uses, without expensive treatment.  
The overall goal this study is to better understand the movement of groundwater and 
role of saltwater intrusion in the CCP of North Carolina. To accomplish this goal 
mathematical modeling of groundwater flow and salt transport was accomplished. The USGS 
SUTRA code was used to simulate groundwater movement and saltwater intrusion in the 
CCP of North Carolina from 1974 to 2007.  
Saltwater intrusion was found to depend upon the pumping rate.  In 1974 the 
groundwater pumping rate was relatively low and the transition region, or interface between 
saltwater and freshwater, was both observed and simulated to lie near the coast of NC.   As 
pumping increased over the 33 year period simulated, the transition region was both observed 
and simulated to move steadily inland. The transition region reached a relatively stable 
position around 1995.  The model developed in this work can be applied to better understand 
and manage the groundwater resources of NC.   
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1. INTRODUCTION 
 Groundwater is an important source of water for the national population and is used for 
drinking water, irrigation, and industrial purposes. In addition, groundwater contributes to the 
flow of streams and rivers as well as the maintenance of wetland ecosystems. In 1995, freshwater 
withdrawals for public supplies, agriculture, industry, and other uses in the nation’s eastern 
coastal regions totaled approximately 30 billion gallons per day (bgal/d)—7.7 bgal/d of which 
were supplied by groundwater (U.S. Geological Survey, 2000). Although groundwater supplied 
only about one-fourth of the total freshwater used, this fraction is increasing. The amount of 
groundwater used increased 9 percent—compared to a 1 percent decrease in the use of surface 
water—between 1995 and 2000 (Hutson, 2004). Such an increase leads to issues such as overuse 
and contamination, which can be particularly dangerous given that groundwater is primarily used 
for drinking water in most coastal counties.  
 The overuse of groundwater depletes the groundwater supply for public use and reduces 
discharges into the ecosystem. For example, the intrusion of saltwater into non-saltwater coastal 
aquifers can threaten groundwater sustainability in coastal regions by reducing the amount of 
quality, fresh groundwater. As a result, groundwater becomes contaminated, making it unsuitable 
for many uses—including drinking water. Most people are able to taste the salt in water that 
contains more than 250 mg/L of chloride—the level at which contaminated drinking water can 
create health problems for people (U.S. Environmental Protection Agency, 1992). As saltwater 
intrusion is generally caused by pumping from wells that draw from coastal aquifers (Barlow, 
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2003), wells should not be used to supply water for human consumption when the concentration 
of contaminants exceeds the drinking water standards.   
A high concentration of total dissolved solids and certain inorganic components not only 
leads to contaminated drinking water, but also increases the costs of operations and damages the 
ecosystem. Excess nutrients play a role in the eutrophication of coastal waters. The excess 
nutrients lead to a dense growth in plant life; as the plants decompose, they deplete the supply of 
oxygen, thereby leading to the death of animal life. Coasts in California, Florida, Louisiana, 
Maryland, Massachusetts, New York, North Carolina, Texas, and Washington have recently 
experienced such problems, which are particularly severe along the mid-Atlantic coast and the 
Gulf of Mexico (National Research Council, 2000). Nutrient contamination of shallow ground 
water is widespread, scientists and policy makers are becoming increasingly interested in this 
process (U.S. Geological Survey, 1999) as groundwater plays an essential role in delivering 
excess nutrients to coastal ecosystems and remains an important source of freshwater to some 
coastal waters.  
Saltwater intrusion is the movement of saltwater into freshwater.  Freshwater flowing 
toward the coast restricts the movement of saltwater inland and maintains the interface between 
saltwater and freshwater near to the coast or deep subsurface as shown in Figure 1.1.  The 
interface between freshwater and saltwater is referred to transition zone in which freshwater and 
saltwater mix.  Groundwater withdrawals in inland regions can reduce the seaward flow of 
freshwater. This in turn causes the transition zone to move inland.  Saltwater intrusion reduces 
the freshwater storage in an aquifer and can render supply wells unusable in a worst case.  
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Figure 1.1 Saltwater intrusion 
 
  Several processes can be used to prevent saltwater intrusion from contaminating 
groundwater and create a sustainable groundwater system that maximizes beneficial use of the 
resource.  Such efforts are generally categorized into three groups: engineering techniques, 
regulatory approaches, and scientific monitoring and assessment (van Dam, 1999). These efforts 
are often used simultaneously in order to prevent saltwater intrusion or as part of a more 
comprehensive strategy for managing both groundwater and surface-water supplies of a coastal 
area. For example, Georgia established an approach that controls groundwater withdrawal in 
certain coastal areas—thereby encouraging water conservation—while utilizing hydrologic 
studies and water-quality monitoring to better understand saltwater movement in the state’s 
aquifers as well as to evaluate alternative sources of freshwater (Barlow, 2003).   
A popular technique for controlling saltwater intrusion is to reduce the rate of pumping 
from withdrawal wells and to relocate such wells further inland. Reduced pumping from coastal 
wells helps groundwater levels recover from decreased levels due to the overuse and 
consequently promotes the storage of fresh groundwater in aquifers. For example, the New 
Saltwater 
Freshwater 
Transition zone 
Sea 
Water table ▼ 
Land 
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Jersey Department of Environmental Protection (NJDEP) controls the pumping rates of 
withdrawal wells in the state in order to recover groundwater levels that have been impacted by 
saltwater intrusion. (Barlow, 2003) 
Another technique involves artificially recharging freshwater into an aquifer in order to 
recover groundwater levels and control the movement of saltwater intrusion. The artificial 
recharge process involves injecting freshwater into the aquifer or infiltrating freshwater at the 
ground surface. The recharged water functions as a hydraulic barrier to prevent the intrusion of 
saltwater. Southeastern Florida employs artificial recharge to control saltwater intrusion in some 
coastal area. (National Research Council, 1994) 
Another conventional technique incorporates aquifer storage and recovery (ASR), 
desalination systems, and the blending of waters of different quality; this technique is used to 
control saltwater intrusion along the Atlantic coastal area. ASR is a process by which water is 
recharged through wells into a suitable aquifer, stored for a period of time, and then extracted 
from the same wells when people needed water (Pyne, 1995). Ordinarily, water is stored during 
wet seasons and extracted during dry seasons. Meanwhile, a desalination system is a water-
treatment process that reproduces freshwater from brackish or saline water by removing 
dissolved salts (Buros, 2000). Desalination systems are becoming common as desalination 
technologies improve, thereby reducing costs—particularly as finding new sources of freshwater 
is increasingly difficult. Finally, blending waters of different quality levels involves mixing two 
or more waters of different quality, which can help improve a low quality water source into a 
potable water supply. For example, in southern California, imported waters from the Colorado 
River and California aqueducts were blended with local groundwater (U.S. Environmental 
Protection Agency, 1980). 
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A final technique for preventing saltwater intrusion involves scientific monitoring and 
assessment of water levels and water quality monitoring stations located in the managed area. 
Monitoring stations are connected through a network. Saltwater intrusion is controlled by using 
the monitoring network before saltwater approaches a freshwater withdrawal well. The network 
also provides basic characterization of an area’s groundwater resources, information on the 
pathways of saltwater intrusion, and a basis for managing water supplies (Barlow, 2003). 
Previous studies of the CCP of NC have focused on groundwater flow (Giese et al. 1991 
and Eimers et al 1990).  However, saltwater intrusion is a well known problem in this region that 
is limiting the further development of groundwater resources.  We are not aware of any density 
dependent modeling of the groundwater resources of this region.   If a reliable model can be 
constructed, it would be of use in managing the water resources of the CCP.  
The overall goal this study is to better understand the movement of groundwater and role 
of saltwater intrusion in the Central Coastal Plain (CCP) of North Carolina. The specific 
objectives of this work are: (1) to collect available historical observational data of groundwater 
resources in the CCP; (2) to screen available mathematical models that can be used to simulate 
the CCP region; (3) to assemble tools that can be used to organize and graphically depict the data 
collected, assist in the preparation of model input files, and reduce the model outputs into a 
graphical form; (4) to apply the numerical model and data processing tools to simulate 
groundwater flow and quality in the CCP over the historical period of record; (5) to compare the 
observed and simulated groundwater data to evaluate the accuracy of the model constructed; and 
(6) to propose ways in which the constructed model might be further used to manage the water 
resources of the CCP region. 
 
  
 
2. BACKGROUND 
 This section will review saltwater intrusion in NC, density dependent flow, numerical 
methods for approximating the system of equations, and available density dependent flow 
models. Each of these topics is treated in turn in the sections that follow. 
 
2.1 Saltwater intrusion in North Carolina 
Saltwater intrusion has occurred in North Carolina as well as Virginia, South Carolina 
and Florida. Generally, saltwater intrusion occurs in the eastern part of NC. Most of the aquifers 
in the eastern region of NC contain elevated levels of chlorides. For purposes of this study, 
saltwater is defined as water containing greater than 250 mg/L of chlorides (Lautier, 2001). The 
transition zone between freshwater and saltwater was delineated throughout the aquifer system 
comprising the CCP of NC in the early 1980’s using geochemical and geophysical data 
(Meisler, 1989). The transition zone is known as the zone of water with chloride concentrations 
between 250 mg/L and 18,000 mg/L, which is the concentration of seawater.   Commonly, 
chloride concentrations increase in the seaward direction of each aquifer and with depth in each 
aquifer (Misut, 2007).  The interface between freshwater and saltwater is unique for each 
aquifer due to variation of hydraulic properties, rate of recharge, hydraulic conductivity and 
other factors. The interface moves seaward by the movement of fresh groundwater through 
deeper confined aquifers in costal regions when there is no groundwater withdrawal.  However, 
pumping can move toward the saltwater interface inward away from the ocean (Lautier, 2001).  
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The physics that determine this movement are not completely understood, but models exist and 
are routinely used to simulate such systems, technical flaws notwithstanding. 
  
2.2 Density dependent flow 
Density dependent flow in the subsurface has received increasing attention because fluid 
density variations play a significant role in many environmental problems. Various 
environmental problems are related to density dependent flow:  brine transport from pollutants, 
infiltration of leachates from landfills, saltwater intrusion in coastal aquifers, industrial waste 
disposals, and many others (Diersch et al., 2002). During the last 30 years, density dependent 
flow has been studied experimentally and numerically by many scientists (Holzbecher, 2006). 
Before the 1960’s, most density dependent flow investigations focused on geophysical 
and geothermal phenomena. With an increasing range of applications for density dependent flow, 
various numerical methods have been developed and applied to simulate density dependent flow 
problems (Debẻda et al. 1995, Hickox et al. 1985 and Hoist et al. 1972). 
In hydrogeological systems, saltwater intrusion and upconing processes are of primary 
concern. Fluid-density effects are significant in the vertical and horizontal displacement of saline 
water. Usually, the heavier saltwater underlies the lighter freshwater in a natural system and the 
flow system is stabilized by density stratification. However, high concentration gradients can 
appear in flow systems in narrow transition zones between freshwater and saltwater. In the 
narrow transition zone, the underlying salinity acts as the restoring force, while hydrodynamic 
dispersion and convection lead to a mixing and vertical displacement of the brine (Diersch et al. 
2002). 
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A sharp interface between saltwater and freshwater often appears in fluid systems where 
saltwater intrusion occurs. Analytical solutions can be obtained by using the sharp saltwater–
freshwater interface assumption as known as the Ghyben–Herzberg relationship. It relates the 
height of the groundwater table to the position of the interface between freshwater and saltwater. 
It assumes static equilibrium and a hydrostatic pressure distribution in the fresh water region 
with stationary sea water (Bear 1972). 
 The sharp interface approach has been applied (Reilly and Goodman 1985). However, 
the sharp interface approach is only approximate and more accurate and well-resolved solutions 
are needed for many applications. 
Fick’s law (linear) is often used to represent dispersion in general density-dependent flow 
models. However, Fick’s law is not suitable for high-concentration brine transport. Therefore, a 
non-Fickian (nonlinear) dispersion model has been suggested (Hassanizadeh et al., 1996).  This 
model has been compared to experimental data and found more accurate than a Fickian approach 
(Schotting et al. 1999), however this model is not able describe all available data for non-dilute 
systems.  
Density dependent flow is also affected by heterogeneity in porous media. Heterogeneity 
in porous media is related to the hydraulic properties: porosity, permeability, and storativity.  
Heterogeneity can contribute to the formation of instabilities in density-stratified systems and 
also enhances dispersion in stable systems. Therefore, density dependent flow is difficult to 
predict in heterogeneous systems (Simmons, 2005).  
 
 2.2.1 Governing equations 
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 The description of density dependent flow has been modeled mathematically. Governing 
equations are separated into two groups: flow equations and transport equations (Holzbecher 
1998). 
  The standard flow equation is based upon a conservation of mass and an approximate 
momentum equation. The conservation of mass is 
 
ρρερ Qv =•∇+∂
∂ )(
t
)( r     (1) 
where ε  is the porosity,  ρ  is density of the fluid, vr  is the average macrosacale Darcy velocity 
of the fluid, and ρQ is external source or sink of fluid.  Usually, Darcy’s law is used to 
approximate the momentum equation, which may be written as 
 
)( gpkv r
r
r ρμ −∇−=      (2) 
where  k
r
 is permeability,μ  and p are the dynamic viscosity and pressure of fluid , and gr  is the 
gravitational accelerator vector. Thus the standard flow equation is 
          ρρμρ
ερ Qgpk =−∇•∇−∂
∂ ))((
t
)( r
r
                             (3) 
A linear relation is often assumed between the fluid density and concentration 
)( 00 CCC
−∂
∂+= ρρρ                                                 (4) 
where 0ρ  is the density of fluid at a base concentration 0C , C∂
∂ρ  is a constant coefficient of 
density variability, and C is the concentration of the contaminant. Additional closure relations 
such as an equation of state for density are needed. If unsaturated flow is also considered, 
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pressure-saturation-permeability relations are also needed. An example of such a relation is the 
van Genuchten pressure-saturation equation 
( )
m
n
r
r
e S
SSS ⎥⎥⎦
⎤
⎢⎢⎣
⎡
+=−
−= ψα1
1
1
           (5) 
and Mualem saturation-relative permeability relation 
( )[ ]2/15.00 11 mmee SSKK −−=               (6) 
where eS  is effective saturation ratio, rS  is residual saturation ratio, α  is a parameter that 
represents a characteristic pore size, ψ  is hydraulic pressure, )/1(1 nm −= , K  is the partially 
saturated hydraulic conductivity,  and 0K  is the saturated hydraulic conductivity. 
The standard species transport equation is  
 
cc QJCv
C =+•∇+∂
∂ ))((
t
)( rrρερ                                 (7) 
where C is a mass fraction of contaminant, cJ
r
is the dispersive mass flux vector, and cQ  is an 
external source or sink of contaminant. Usually, Fick’s law is used to the momentum equation of 
contaminant. This equation is; 
CDJc ∇•−= ε
r
            (8) 
where  D  is dispersion tensor that describes mixing process as an effect of concentration 
gradient. Generally, dispersion tensor is defined as following (Bear 1972); 
 
( ) ⎟⎟⎠⎞⎜⎜⎝⎛ −++== vvvvDDD jiTLijTij r
rrr )()( ααδα                   (9) 
  11 
where ijδ  is the kronecker operater, Lα and Tα  are longitudinal and transversal dispersity ,D is 
diffusivity, and indices { }3,2,1, ∈ji  denote three coordinate axes. 
Thus transport equation is following; 
cQCDCv
C =∇•−•∇+∂
∂ ))((
t
)( ερερ r                 (10) 
 In addition, a linear form of Fick’s law is not accurate far from the dilute limit and an 
alternative nonlinear model has been posited (Hassanizadeh 1995).  A non-linear dispersion 
model has been proposed by Hassanizadeh and Gray to represent density dependent flux in high 
concentration gradient (Hassanizadeh and Gray 1979). 
( ) CDJJ cc ∇•−=+ ρβ rr 1                                     (11) 
where  β  is new dispersion parameter and C  is the mass fraction of the contaminant. 
Traditionally, a linear form of Fick’s law has been used to simulate saltwater intrusion problems. 
 
2.3. Model solution approach 
Numerical methods are necessary for approximating most density dependent flow 
problems.  Various numerical techniques have been applied to solve such problems: finite 
differences, finite elements, spectral methods, boundary element methods, multi-grid techniques, 
finite volumes, and other approaches (Diersch et al. 2002). This section provides an introduction 
to several numerical approaches that solve the flow and transport equation for density dependent 
flow.  
In this section, it is not intend to describe the details of formulation of density dependent 
flow because numerical methods for solving the flow and transport equation are extremely varied. 
Thus, a brief summary of the most common methods is presented in here. The most common 
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methods are finite difference method, finite element method and finite volume method. Standard 
low-order finite difference methods have been applied. In these approaches, spatial and temporal 
derivatives are replaced by difference expressions, which reduce the coupled differential 
equations to a system of nonlinear algebraic equations.  These methods suffer from so well-know 
problems related to accuracy and stability.  
 There are three criteria for the stability and accuracy of standard low-order finite 
difference methods (Holzbecher 1998), which can be represented by conditions on the  Peclet 
number, Courant number and Neumann number, which for the x direction may be written as 
 
2≤xPe             (22) 
1≤xCou             (23) 
)12(2
1
−≤ κNeu          (24) 
D
xvPe xx
Δ=           (25) 
xR
tvCou xx Δ
Δ= ε           (26) 
t
x
DNeu Δ⎟⎠
⎞⎜⎝
⎛
Δ= 2
1             (27) 
where κ  is an upwind weighting factor. The Peclet number plays an important role for the 
physical characterization of transport phenomena (Holzbecher 1998). 
 The finite element method is one of most broadly used methods used to approximate 
density dependent flow, because it is more flexible for complex domains than finite difference 
methods. Early applications of the finite element method were formulated using variational 
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techniques. Nowadays, however, the Galerkin weighted residual approach is used routinely to 
formulate the flow and transport equations (Huyakorn and Pinder 1983).   The Galerkin method 
is considered routine and involves writing of a weak form of the governing equations, applying 
Green’s theorem, introducing appropriate test and basis functions, and integrating the resultant 
expressions to yield an algebraic form. Common criteria for stability of the Galerkin  
approximation are related to conditions on the mesh Peclet number and the Courant number. 
 While standard low-order finite difference and finite element methods are commonly 
used, much better alternatives currently exist. Such methods would include hyperbolic 
approaches for the transport equation and approaches that adapt the discretization scheme in both 
space and time.  A gap exists between the state of development of numerical methods and the 
availability of methods applied to solve density dependent flow problems in production quality 
simulators. 
2.4 Available simulations 
There are several density dependent flow models that are commonly used.  In this section, 
the four most popular simulators are introduced briefly: SUTRA, SEAWAT, TOUGH and 
FEFLOW. 
 
2.4.1 SUTRA 
SUTRA was developed by the US Geological Survey (Voss 2002).  This code is open 
source and in the public domain. SUTRA is a model for saturated-unsaturated, variable density 
groundwater flow with solute or energy transport. The standard Galerkin finite element method 
is used to descretize in space with quadrilateral elements and linear basis functions, and a 
weighted finite difference method is used for temporal discretization. These methods are applied 
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to two coordinate systems: Cartesian and radial coordinate systems, which make it possible to 
simulate saltwater upcoming problems.  SUTRA can model the dispersion process when the flow 
direction is not aligned with the principal direction of aquifer transmissivity. In addition, user-
friendly graphically interface, SutraGUI, is available, which facilitates pre- and post processing. 
SutraGUI requires Argus Open Numerical Environments (Argus ONE) commercial software 
(Winston and Voss 2004). 
An advantage of SUTRA is that it is well supported, routinely used, and in the public 
domain, but it requires a substantial effort for pre- and post-processing, the numerical methods 
are out of date, and thus the simulations are not accomplished very efficiently.  For some cases, it 
may not be possible to afford to discretize the domain sufficiently finely to yield a highly 
resolved simulation within allow computational time limitations.  
2.4.2 SEAWAT 
SEAWAT wa developed by the US Geological Survey (Langevin 2004). The SEAWAT 
is a coupled version of MODFLOW (Harbaugh, 2000) and MT3DMS (Zheng,  2006) designed to 
simulate variable-density, saturated groundwater flows.  MODFLOW is used for solving the 
flow equation and MT3DMS is used for solving the transport equation.  SEAWAT can simulate  
multi-species solute and heat transport process using MT3DMS. Although this code was 
originally developed to simulate saltwater intrusion in coastal aquifers, the latest SEAWAT code 
is also used for studies of brine migration in continental aquifers.  This code uses the finite 
difference method for solving the density dependent flow and solute transport equations. It 
describes the variation of viscosity as well as density, both of which can change with 
composition.  
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2.4.3 TOUGH 
TOUGH was developed by Lawrence Berkeley National Laboratory in 1991. This code is 
also open source. TOUGH is an abbreviation for transport of unsaturated groundwater and heat. 
TOUGH was originally developed for geothermal reservoir studies and high-level nuclear waste 
isolation (Pruess et al., 1999). A finite difference method is used to approximate the spatial 
discretization and a first-order fully implicit time difference approximation is used for temporal 
discretization.  TOUGH runs in parallel (Zhang et al., 2003).  TOUGH describes multiphase flow 
(liquid and gaseous phase) as well as heat flow. TOUGH also approximates fluid flow in both 
liquid and gaseous phases due to pressure, gradients, and gravity forces according to Darcy's law. 
Interference between the phases is represented by means of relative permeability functions. The 
TOUGH model includes the Klinkenberg effects (Wu et al., 1998) and binary diffusion in the gas 
phase and capillary and phase adsorption effects for the liquid phase. Heat transport occurs by 
means of conduction (with thermal conductivity dependent on water saturation), convection, and 
binary diffusion (Weisstein, 2008), which includes both sensible and latent heat. 
 
2.4.4 FEFLOW 
FEFLOW was developed by WASY GmbH, a Germany company (Diersch, 1994). This 
code is a commercial groundwater modeling code. Most other density dependent flow models 
separate the simulation process into pre-processing and post-processing. FEFLOW provides a 
user-friendly graphical interface. This model is use to approximate a variety of physical 
phenomena (e.g. density dependent flow, multi-species transport, advection-conduction heat 
transport and so on). The finite element method is used for spatial descretization and an adaptive 
time stepping method is used for temporal descretization. This code also runs in parallel.  
  
 
 
3 METHODS 
3.1 Hydrogeology framework 
The CCP region includes 15 counties in North Carolina: Martin, eastern Edgecombe, 
Beaufort, Craven, Washington, Jones, Lenoir, Pitt, Greene, Wayne, eastern Wilson, Duplin, 
Onslow and Carteret counties, which is shown in Figure 3.1. 
 
Figure 3.1 Central Coastal Plain of North Carolina 
  
Winner and Coble provided the hydrogeologic framework for the coastal plain of North 
Carolina. The hydrogeologic framework consists of 10 aquifers and 9 confining units (Winner 
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and Coble, 1989). However, all of these units do not occur in the CCP region. In the CCP region, 
the hydrogeologic framework consists of eight aquifers and seven confining units as shown in 
Table 1 (Lautier, 2001). 
 
Table 3.1 Hydrogeologic units in North Carolina Central Coastal Plain (Lautier, 2001) 
 
Each aquifer is described in terms of the lateral distribution, thickness of the confining unit 
and aquifer, hydraulic properties, relationship to other stratigraphic units and occurrence of 
saltwater. 
  18 
 
3.1.1 Surficial aquifer 
A surficial aquifer occurs over the entire CCP region of North Carolina. It consists of fine 
sand, silt, clay, shell and peat beds (Giese et al., 1991). The thickness of the surficial aquifer 
varies from a few feet to 200 ft.  Generally, the thickness of the surficial aquifer ranges from a 
few feet to 30 ft in the western and central portions of the CCP. In contrast to the western and 
central portions, the thickness of the surficial aquifer is greater than 200 feet in the eastern 
portion of the CCP (Winner and Coble, 1989). 
Most confining aquifers are in hydraulic contact with the surficial aquifer as shown in 
Figure 3.2. Direct recharge occurs through the surficial aquifer due to precipitation. The amount 
of recharge from precipitation depends on the clay content of the soil. The recharge rate is about 
from 5 to 21 inches per year. However, most recharge from precipitation is lost by evaporation 
(Heath, 1991). Thus, less than 2 inches per year of groundwater recharges the shallow confined 
aquifer and less than 0.5 inches per year of groundwater recharges the deeper confined aquifer. 
The average horizontal hydraulic conductivity is estimated 29 ft/day by Winner and Coble 
(Lautier, 2001).  
Saltwater is present along the shoreline of the Atlantic Ocean and the shorelines of the  
sounds behind Outer Banks. Along the shoreline, the concentration of chloride is over 10,000 
mg/L. Farther inland, saltwater exists due to tidal streams, which  can cause the concentration of 
chloride to exceed 250 mg/L.   
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Figure 3.2 Areal extent of the surficial aquifer and underlying aquifers 
(NCDENR, 2008) 
 
3.1.2 Yorktown aquifer 
The Yorktown aquifer extends across the northern half of the CCP region as is shown 
Figure 3.3. It consists of fine sand, silty and clayey sand, and sand with shells and shell beds, 
with some limestone and coarse sand beds (Giese et al. 1991). The thickness of the Yorktown 
aquifer ranges from 4 feet to 87 feet in the CCP.  The surficial aquifer overlies the Yorktown 
aquifer and the Castle Hayne, Beaufort, Peedee, Back Creek, and Upper Cape Fear aquifers 
underlie the Yorktown aquifer (Lautier, 2001). 
 The average horizontal hydraulic conductivity of the Yorktown aquifer is estimated at 21 
ft/day by Winner and Coble.  The Yorktown confining unit is overlain by the Yorktown aquifer.  
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Its thickness is ranged from 0 to 116 feet. It is composed of clay and silt.  The Yorktown 
confining unit to extends only as far as the Yorktown aquifer (Winner and Coble, 1989). 
 Saltwater did not extend across the aquifer in 1900. However, the 250 mg/ L chloride 
concentration contour is located in the eastern CCP as shown in Figure 3.4. However, the 1000 
mg/L isochors is not observed in the Yorktown aquifer.    
 
Figure 3.3 Areal extent of the Yorktown aquifer and underlying aquifers 
(NCDENR, 2008) 
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Figure 3.4 Occurrence of saltwater in the Yorktown aquifer: 
1996 (left) and 2008 (right)  
(Lautier, 2001; and NCDENR, 2008) 
 
3.1.3 Castle Hayne aquifer 
The Castle Hayne aquifer extends across the eastern half of the CCP region as is 
shown Figure 3.5. It consists of limestone, sand and minor amount of clay under marine 
conditions (Giese et al., 1991). The thickness of the Castle Hayne aquifer ranges from 0 to 
954 feet (Lautier 2001).  The surficial and Yorktown aquifers overlie the Castle Hayne 
aquifer and the Beaufort, Back Creek and Peedee aquifers underlie the Yorktown aquifer. 
The hydraulic conductivity of Castle Hayne aquifer ranges from 15 ft/day where it is 
consists of fine sand to about 200 ft/day where it is consists of porous limestone. The Castle 
Hayne confining units is overlain by the Castle Hayne aquifer.  Its thickness ranges from 0 to 
116 ft and is composed of clay and silt. The Castle Hayne confining unit extends only as far 
as the Castle Hayne aquifer (Winner and Coble, 1989). 
The 250 mg/ L chloride concentration line is located in the eastern portion of the CCP 
shown as Figure 3.6. However, a chloride concentration of 1,000 mg/L or more has been not 
detected in the Castle Hayne aquifer. The location of the 1,000 mg/L chloride concentration 
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line is expected based upon overlying and underlying aquifers as shown in Figure 3.6 
(Winner and Coble, 1989). 
 
Figure 3.5 Areal extent of the Castle Hayne aquifer and underlying aquifers 
(Modified from NCDENR, 2008) 
 
Figure 3.6 Occurrence of saltwater for the Castle Hayne aquifer: 
1996 (left); and 2008 (right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
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3.1.4 Beaufort aquifer 
The Beaufort aquifer extends across the eastern and central portion of the CCP region 
as shown Figure 3.7. It consists of fine to medium sand with occasional coarse sand and 
limestone beds (Giese et al., 1991). The thickness of Beaufort aquifer ranges from 10 to 200 
ft.  Surficial, Yorktown and Castle Hayne aquifers overlie the Beaufort aquifer and the Back 
Creek aquifer underlies the Beaufort aquifer (Lautier, 2001). 
 The average horizontal hydraulic conductivity of Beaufort aquifer is estimated at 36 
ft/day (Winner and Coble, 1989).  The Beaufort confining units is overlain by the Beaufort 
aquifer.  Its thickness ranges from 0 to 121 ft and it is composed of clay and silt.  The 
Beaufort confining unit extends only as far as the Beaufort aquifer (Winner and Coble, 1989). 
The observed chloride concentrations are shown as Figure 3.8.  
 
Figure 3.7 Areal extent of the Beaufort aquifer and underlying aquifers 
(NCDENR, 2008) 
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Figure 3.8 Occurrence of saltwater in the Beaufort aquifer: 
 1996 (left); and 2008(right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
 
3.1.5 Peedee aquifer 
The Peedee aquifer extends across the eastern portion of CCP region as shown in 
Figure 3.9. It consists of fine to medium-grained sands, clayey sand and silts (Giese et al., 
1991). The thickness of Peedee aquifer ranges from 0 to 755 feet.  Surficial, Yorktown, 
Castle Hayne and Beaufort aquifers overlie the Peedee aquifer and the Back Creek aquifer 
underlies the Peedee aquifer (Lautier, 2001). 
 The average horizontal hydraulic conductivity of Yorktown aquifer is estimated at 21 
ft/day (Winner and Coble, 1989).  The Peedee confining unit is overlain by the Peedee 
aquifer.  Its thickness ranges from 0 to 121 ft, and it is composed of clay, silty clay and sandy 
clay.  The Peedee confining unit directly underlies the Peedee aquifer (Winner and, Coble, 
1989). The observed chloride concentration line are shown as Figure 3.10.  
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Figure 3.9 Areal extents of the Peedee aquifer and underlying aquifers 
(NCDENR, 2008) 
 
Figure 3.10 Occurrence of saltwater for the Peedee aquifer: 
1996 (left); and 2008(right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
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3.1.6 Black Creek aquifer 
The Black Creek aquifer extends across most of the CCP region as is shown Figure 
3.11. It consists of very fine to fine “salt and pepper” sands (NCDENR, 2008). The thickness 
of Black Creek aquifer ranges from 0 to 442 ft.  The Surficial , Yorktown, and Peedee 
aquifers overlie the Black Creek aquifer, and the Upper Cape Fear aquifer underlies the 
Black Creek aquifer (Lautier, 2001). 
 The average horizontal hydraulic conductivity of Black Creek aquifer is estimated at 
28 ft/day (Winner and Coble, 1989).  The Black Creek confining unit is overlain by the Black 
Creek aquifer.  Its thickness ranges from 0 to 292 ft, and it is composed of clay and silt with 
variable amounts of sand. The Black Creek confining unit directly underlies the Black Creek 
aquifer (Winner and Coble, 1989). The observed chloride concentration are shown in Figure 
3.12. 
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Figure 3.11 Areal extent of the Black Creek aquifer and underlying aquifers 
(NCDENR, 2008) 
 
Figure 3.12 Occurrence of saltwater for the Black Creek aquifer: 
 1996 (left); and 2008 (right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
 
3.1.7 Upper Cape Fear aquifer 
The Upper Cape fear aquifer extends across most of the CCP region as shown in Figure 
3.13. It consists of very fine to coarse sands and occasional gravels (Giese et al., 1991). The 
thickness of Upper Cape Fear aquifer ranges from 0 to 355 ft.  The Black Creek aquifer overlies 
the Upper Cape Fear aquifer, and the Lower Cape Fear aquifer is underlies the Upper Cape Fear 
aquifer (Lautier, 2001). 
The average horizontal hydraulic conductivity of Upper Cape Fear aquifer is estimated at 
30 ft/day (Winner and Coble, 1989).  The Upper Cape Fear confining unit is overlain by the 
Upper Cape fear aquifer.  Its thickness ranges from 0 to 128 ft, and it is composed of clay and silt 
with variable amount of sand. The Lower Cape Fear confining unit directly underlies the Lower 
Cape Fear aquifer (Winner and Coble, 1989). The observed chloride concentrations are shown  
on Figure 3.14.  
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Figure 3.13 Areal extent of the Upper Cape Fear aquifer and underlying aquifers 
(NCDENR, 2008) 
 
Figure 3.14 Occurrence of saltwater in the Upper Cape Fear aquifer: 
 1996 (left); and 2008(right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
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3.1.8 Lower Cape Fear aquifer  
The Lower Cape Fear aquifer extends across over most of the CCP region as shown in 
Figure 3.15. It consists of fine to coarse sands (Giese et al., 1991). The thickness of Lower Cape 
Fear aquifer ranges from a few feet to 441 feet. The Surficial and Upper Cape Fear aquifers 
overlie the Lower Cape Fear aquifer and bedrock underlies the Lower Cape Fear aquifer (Lautier, 
2001). 
The average horizontal hydraulic conductivity of Lower Cape Fear aquifer is estimated as 
34 ft/day (Winner and Coble, 1989).  The Lower Cape Fear confining unit is overlain by the 
Lower Cape Fear aquifer.  Its thickness ranges from 0 to 116 feet, and it is composed of clay and 
silt. The Lower Cape Fear confining unit directly underlies the Lower Cape Fear aquifer (Winner 
and Coble, 1989). The observed chloride concentration are shown in Figure 3.16.  
 
Figure 3.15 Areal extent of the Lower Cape Fear aquifer and underlying aquifers 
(NCDENR, 2008) 
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Figure 3.16 Occurrence of saltwater in the Lower Cape Fear aquifer: 
 1996 (left); and 2008(right)  
(Winner and Coble, 1989; and NCDENR, 2008) 
 
3.2 Simulation Design 
In this study, SUTRA was used to simulate flow of variable density groundwater (Voss 
and Provost, 2002). A 3D irregular mesh was generated by SutraPrep, a preprecoessor for 
SUTRA (Provost, 2003) with ArcGIS software (ESRI 2008).  Boundary conditions of recharge, 
pumping and specified pressure are described below. The model domain is depicted in Figure 
3.17; all of 15 counties in the CCP region were included. The top of the model is the Yorktown 
confining unit top surface and the bottom is the bedrock top surface as shown in Figure 3.18. 
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Figure 3.17 Model domain in Central Coastal Plain Region 
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Figure 3.18 Conceptual diagram of the hydrogeologic unit layering in the model and the 
boundary conditions. 
 
3.2.1 Grid design 
The boundaries and vertical layering of the model are described in Figure 3.18. The mesh 
contains about 140,000 elements and 150,000 nodes. The spatial discretization varied over the 
domain. For example, in the eastern portion of the domain, the spatial distance is about 6 km 
along the offshore. Otherwise, in the western domain, the spatial distance is about 1.5 km along 
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the fall line as shown in Figure 3.19.  Each aquifer and confining unit is subdivided vertically as 
shown in the following table. 
 
 
 
 
 
 
 
 
 
 
Table 3.2 Subdividing of confining unit and aquifer in vertical direction 
Each unit is subdivided vertically into 2, 5, 10 or 20 layers to allow curvature in the simulated 
transition zone of saltwater intrusion. 
Hydrogeologic unit Number of elements in unit 
Confining unit 2 
Yorktown aquifer 5 
Castle Hayne aquifer 10 
Beaufort aquifer 5 
Peedee aquifer 5 
Black Creek aquifer 5 
Upper Cape Fear aquifer 5 
Lower Cape Fear aquifer 20 
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Figure 3.19 SUTRA mesh in central coastal plain region. 
3.2.2 Boundary conditions 
Hydrostatic pressure boundary conditions were applied along the offshore and fall line. 
Along the fall line, hydrostatic pressure boundary conditions correspond to the depth of domain 
and the density of the freshwater. However, along the offshore, hydrostatic pressure boundary 
conditions correspond to the depth of domain and the density of the saltwater. The saltwater 
along the offshore is assumed to contain 10,000 mg/L (Giese et al., 1991).  
No-flux boundary conditions are used to describe the model bottom and top of 
boundaries. The northern and southern boundaries were set to first-kind conditions that matched 
observations, since a significant flux was observed normal to these boundaries.    
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3.2.3 Model input 
Hydraulic conductivity values used in the model were uniform or non-uniform for each 
of the hydrogeologic units. Uniform hydraulic conductivity values were used for each of the 
confining unit as shown in Table 3.3 (Giese et al., 1991). 
 
Table 3.3 Hydraulic conductivity of confining units in the model 
 
 
 
 
 
 
 
 
 
 
 
 
Non-uniform hydraulic conductivity values were used for each of the aquifers.  These 
values were based on observation data (DENR, 2008) and reported data (Winner and Coble, 
1989; and Harrelson and Fine, 2006). Kriging was used to obtain the hydraulic conductivity 
values over the domain as shown in Figures 3.20-3.26. 
Hydrogeologic unit 
Horizontal 
hydraulic 
conductivity 
(feet/day) 
Vertical  
hydraulic 
conductivity 
(feet/day) 
Yorktown confining unit 6.98ⅹ10-3 6.82ⅹ10-4 
Castle Hayne  confining unit 9.07ⅹ10-5 3.01ⅹ10-5 
Beaufort  confining unit 5.88ⅹ10-5 1.46ⅹ10-5 
Peedee  confining unit 3.89ⅹ10-5 7.71ⅹ10-6 
Black Creek  confining unit 2.77ⅹ10-5 3.42ⅹ10-6 
Upper Cape Fear  confining unit 2.52ⅹ10-1 6.84ⅹ10-7 
Lower Cape Fear  confining unit 4.96ⅹ10-2 4.13ⅹ10-7 
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Figure 3.20 Hydraulic conductivity of Yorktown aquifer 
 
Figure 3.21 Hydraulic conductivity of Castle Hayne aquifer 
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Figure 3.22 Hydraulic conductivity of Beaufort aquifer 
  
Figure 3.23 Hydraulic conductivity of Peedee aquifer 
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Figure 3.24 Hydraulic conductivity of Black Creek aquifer 
 
Figure 3.25 Hydraulic conductivity of Upper Cape Fear aquifer 
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Figure 3.26 Hydraulic conductivity of Lower Cape Fear aquifer 
Table 3.4 gives other key parameter values (Misut and Voss, 2007). Sufficiently large 
dispersivity values were used in order to obtain numerical stability (Voss and Provost, 2002). 
Parameter Value 
Freshwater density 1000 kg/m3 
Seawater density 1024.99 kg/m3 
Seawater mass fraction 0.0357 
Fluid viscosity 0.001 kg/m·s 
Coefficient of fluid density change 700  kg/m3 
Water compressibility 4.4 x 10-10 Pa-1 
Solid matrix compressibility 1 x 10-7 Pa-1 
Molecular diffusivity 1 x 10-9 Pa-1 
Maximum longitudinal dispersivity 1000 m 
Minimum longitudinal dispersivity 10 m 
Transverse dispersivity 10 m 
Effective porosity 0.3 
 
Table 3.4 Parameter values used in the SUTRA model  
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A seawater mass fraction of 0.0357 is equivalent to a chloride concentration of 19,000 
mg/L.  In this study, the seawater along the offshore was assumed to contains 10,000 mg/L, 
which is equivalent to a mass fraction to 0.0188 (Giese et al., 1991). 
 Recharge to the surficial aquifer depends on precipitation, and it was estimated to range 
between 12 and 20 in/yr (Giese et al., 1991). Most recharge to the surficial aquifer is not able to 
reach the confined aquifer due to evaporation, runoff to streams and groundwater seepage to 
streams. Thus, recharge to the confining aquifer was estimated 1 inch/year (Health 1980). In the 
sand hill area in the southwestern  coastal plain the recharge rate is 16 in/yr (Winner and Coble, 
1989) as shown Figure 3.27. 
 
 Figure 3.26 Recharge rate in Central Coastal Plain Region 
(Winner and Coble, 1989) 
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 Pumping history was an important input to the model as well.  Pumping history 
information was gathered from NCDENR database (DENR, 2008).   A total of 207 public and 
industrial supply wells have used groundwater. Many other private wells exist as well, but these 
uses were ignored.Total amount of withdrawal from large production wells increased  as shown 
in Figure 3.27. However, there is a lot of missing information of withdrawal from 1900 to 1990. 
Thus, the actual amount of withdrawal from 1900 to 1990 was greater than the information 
shown (Giese et al., 1991). 
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Figure 3.27 Groundwater pumpage in Central Coastal Plain Region (gal/yr) 
In order to simulate saltwater intrusion over time, simulation time periods were divided 
into two groups; predevelopment time period and an active development time period. In 
predevelopment time period, there was negligible groundwater pumping in CCP region. 
According to the history of withdrawal, pre-1970 is assumed as the predevelopment time period. 
On the other hand, active development time period started in the CCP region based on 
withdrawal history information. The period from January 1, 1974 to January 1, 2007, was 
divided in 3 time periods. The average reported pumping rate was used in each time period.  
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These time periods were decided based on the total amount of groundwater pumpage and are 
shown in Table 3.5. 
Time period Inclusive date Length of time period Average groundwater pumpage(million gallon per year) 
1 1974 ~ 1982 9 years 248.06 
2 1983 ~ 1995 13 years 3363.33 
3 1996 ~ 2007 12 years 43251.35 
 
Table 3.5 Time periods in simulation  
The locations of pumping wells are shown for all aquifers in Figures 3.28-3.32. 
 
Figure 3.28 Location of pumping wells for Yorktown aquifer 
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Figure 3.29 Location of pumping wells for the Castle Hayne aquifer 
 
Figure 3.30 Location of pumping wells for the Peedee aquifer 
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Figure 3.31 Location of pumping wells for the Black Creek aquifer 
 
Figure 3.32 Location of pumping wells for the Upper Cape Fear aquifer
  
 
4 Result and Discussion 
4.1 Predevelopment simulation  
The initial condition for hydraulic pressure and the concentration of chloride was necessary  
to simulate the transient nature of saltwater intrusion due to the groundwater pumping.  In order 
to obtain the initial condition, 1970’s hydraulic head conditions were used as boundary condition 
input and a zero concentration of chloride was assumed over the domain. Then, the simulator 
was run for transient conditions until the system reached a steady-state.  Steady-state conditions 
were obtained after 1 yr. Steady state was used for hydraulic property and boundary condition 
calibration. Simulation results were checked against a 1900 published map of potentiometric 
surfaces and chloride concentration (Giese et al., 1991). The results are shown in Figures 4.1-4.7. 
Most of simulated hydraulic head and chloride concentrations agree well with the 
published maps.  However, in the Yorktown aquifer larger discrepancies between the 
simulated and observed conditions exist.  In the published maps, the Yorktown aquifer exists 
in the northwestern part of CCP. However, based on aquifer information from NCDENR data, 
the Yorktown aquifer did not exist in northwestern part of CCP. Therefore, the simulated 
hydraulic head is similar to the published map of potentiometric surface when the 
northwestern part of CCP is neglected. Even though 10,000 mg/L and 250 mg/L 
concentration line is located in the eastern part of the domain, the available data did not 
include water quality parameters, such as chloride concentrations.  In the Castle Hayne 
aquifer, the simulation included saltwater along the eastern boundary as well. 
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In the Yorktown through Lower Cape Fear aquifers, the gradient of the hydraulic head 
potential was coastward to the east-southeast. 
 
Figure 4.1 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Yorktown aquifer and 1900 published map of hydraulic head (ft) 
and the concentration of chlorides (mg/L) (top, Giese et al., 1991) 
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Figure 4.2 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Castle Hayne aquifer and 1900 published map of hydraulic head 
(ft) and concentration of chlorides (mg/L) (top, Giese et al. 1991) 
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Figure 4.3 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Beaufort aquifer and 1900 published map of hydraulic head (ft) 
and concentration of chlorides (mg/L) (top, Giese et al. 1991) 
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Figure 4.4 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Peedee aquifer and 1900 published map of hydraulic head (ft) and 
concentration of chlorides (mg/L) (top, Giese et al. 1991) 
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Figure 4.5 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Black Creek aquifer and 1900 published map of hydraulic head 
(ft) and concentration of chlorides (mg/L) (top, Giese et al., 1991) 
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Figure 4.6 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Upper Cape Fear aquifer and 1900 published map of hydraulic 
head (ft) and concentration of chlorides (mg/L) (top, Giese et al., 1991) 
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Figure 4.7 Simulated pre-pumping hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Lower Cape Fear aquifer and 1900 published map of hydraulic 
head (ft) and concentration of chlorides (mg/L) (top, Giese et al., 1991) 
4.2 The first simulation period (1974~1982) 
After 1900 (predevelopment), withdrawal of groundwater started in the CCP. Boundary 
conditions used for predevelopment simulations were not suitable for the period during which 
rapid groundwater development was occurring. Therefore, the boundary condition needed to be 
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changed to match with the observed.  The difference between predevelopment and development 
period boundary conditions were an inflow region of saltwater. In the predevelopment simulation, 
the offshore region is only allowed to enter the saltwater (19,000 mg/L). However, in the 
pumping simulation, the inflow of saltwater was allowed cross the south and north boundary of 
the domain as well as the offshore. The chloride concentrations across the north and south 
boundary were determined by the observation data in 1989 (Winner and Coble, 1989).  The 
steady-state condition of the first time period (1974~1982) is shown in Figure 4.8.  The transition 
zone of the first time period moved significantly inland compared to the predevelopment period. 
Especially, in the north region of CCP, high concentrations of saltwater moved inland due to  
high pumping rates. In Figure 4.8, the cross-section of chloride concentrations shows that each 
aquifer has a different transition zone.  
 The simulated hydraulic heads and concentrations for each aquifer are shown in Figure 
4.9-4.14.   Simulated hydraulic heads do not precisely match the observation data. Observation 
data were between 1970 and1980, and the time period of simulation was between 1974 and 1982. 
Simulation results during this period under-predicted the observed decrease in hydraulic head 
due to pumping.  This difference may be due to using a reported pumping rate that was less than 
the actual rate of pumping.  Therefore, the results need to be compared with the observation data 
which are measured before 1970 because the pumping rate of the 1970’s is lower than the 
pumping rate of the 1980’s and observation data of 1970’s is the earliest data provided in digital 
form.   
 Simulated hydraulic heads match with the map of observed data. However, the hydraulic 
heads along the offshore are higher than observation data. In addition, simulated concentrations 
were reasonable in deep confined aquifers, such as the Black Creek, Upper Cape Fear and Lower 
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Cape Fear aquifer.  On the other hand, in the shallow confined aquifers, such as the Yorktown, 
Castle Hayne, Beaufort, and Peedee aquifers, high concentrations of saltwater were observed. 
This difference may be caused by significant vertical flows near the interface between freshwater 
and saltwater.  
 
Figure 4.8 Simulation results for chloride concentrations for the period1974-1982: view 
from the west (left); and view of cross section across the middle of the CCP (right)  
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Figure 4.9 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Yorktown aquifer and the 1970’s map of hydraulic head (ft, top)  
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Figure 4.10 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Castle Hayne aquifer and the 1970’s map of hydraulic head 
(ft, top) 
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Figure 4.11 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Beaufort aquifer and the 1970’s map of hydraulic head (ft, 
top) 
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Figure 4.12 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Peedee aquifer and the 1970’s  map of hydraulic head (ft, top) 
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Figure 4.13 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Black Creek aquifer and the 1970’s map of hydraulic head (ft, 
top) 
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Figure 4.14 Simulated 1974-1982 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Upper Cape Fear aquifer and the 1970’s map of hydraulic 
head (ft, top) 
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Figure 4.15 Simulated 1974~1982 hydraulic head (left of bottom) and concentration of chlorides 
(right of bottom) for Lower Cape Fear aquifer and the 1970’s map of hydraulic head (ft, top) 
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4.3 The second simulation period (1983~1995) 
The transition zone moved farther inland during the second simulation period compared to 
the first simulation period as shown in Figure 4.16.  Especially, in the deep confining aquifers, 
such as the Black Creek, Upper Cape Fear and Lower Cape Fear aquifers, the transition zone 
moved farther inland than the other aquifers because Black Creek and Upper Cape Fear aquifers 
are the main groundwater sources among the CCP aquifers (Winner and Coble, 1989).  Thus 
most withdrawal of groundwater is from the deep confined aquifers.  The dominant pumping 
wells affected a decrease the hydraulic head and lead to an increase in saltwater intrusion. The 
most dominant pumping well was located in the middle of CCP. This pumping well was used for 
public supply. In the following simulated hydraulic head results, the effects of dominant wells 
can be observed appeared. These dominant well are used for public supply.  
Simulated hydraulic heads and concentrations of chloride are shown in Figure 4.17-23. The 
simulated hydraulic is generally lower than observation data. However, the gradient of potential 
is almost same between simulated hydraulic heads and observation data. In addition, the location 
of the lowest hydraulic heads is somewhat different between the simulated hydraulic head and 
observation data.  This difference may be due to an error in the average location of a pumping 
well. Actually, each groundwater withdrawal permit holder has multiple pumping well. Each 
pumping location is calculated by averaging over all of the pumping wells for each permit holder. 
This coarse graining would be expected to lead to difference between observed and simulated 
data, at least locally.   The dominant decrease in hydraulic head appeared in the eastern portion 
of the CCP region. 
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Pumping rates for the second simulation period increased compared to the first simulation 
period. Increasing the pumping rates led to significant saltwater intrusion centering on the 
dominant pumping well. As mentioned before, the dominant pumping wells are located in the 
middle of CCP and the east of CCP. Thus, in the middle of CCP and the east of CCP, water 
contains high concentration of chloride as shown in Figure 4.21 -4.23.  
 
Figure 4.16 Second simulation period concentration of chloride of CCP, view from the west 
(left) and view of cross section of middle of CCP (right) 
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Figure 4.17 Simulated 1983-1995 hydraulic head(left of bottom) and concentration of 
chlorides (right of bottom) for Yorktown aquifer and a 1980 published map of hydraulic 
head (ft) and concentration of chlorides (mg/L) (top figure, Giese et al., 1991) 
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Figure 4.18 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Castle Hayne aquifer and a 1980 published map of hydraulic 
head (ft) and concentration of chlorides (mg/L) (top figure, Giese et al., 1991) 
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Figure 4.19 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Beaufort aquifer and a 1980 published map of hydraulic head 
(ft) and concentration of chlorides (mg/L) (top figure, Giese et al., 1991) 
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Figure 4.20 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Peedee aquifer and a 1980 published map of hydraulic head 
(ft) and concentration of chlorides (mg/L) (top figure, Giese et al., 1991) 
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Figure 4.21 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Black Creek aquifer and a 1980 published map of hydraulic 
head (ft) and concentration of chlorides (mg/L) (top figure, Giese et al., 1991) 
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Figure 4.22 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Upper Cape Fear aquifer and a 1980 published map of 
hydraulic head (ft) and concentration of chlorides (mg/L) (top figure, Giese et al. 1991) 
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Figure 4.23 Simulated 1983-1995 hydraulic head (left of bottom) and concentration of 
chlorides (right of bottom) for Lower Cape Fear aquifer and a 1980 published map of 
hydraulic head (ft) and concentration of chlorides (mg/L) (top figure, Giese et al. 1991) 
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4.4 The third simulation period (1996-2007) 
The simulated concentrations of chlorides are almost same for the second time period 
compared to the third simulation period as shown in Figure 4.24. This similarity comes from 
invariable pumping rates in the dominant wells. According to Table 3.5, the total amount of 
pumping during the third simulation period is an order of magnitude larger than total amount of 
pumping at the second time period. The number of pumping wells in the third simulation period 
is larger than the number of pumping wells in the second simulation period.  Dominant pumping 
wells are located very closely in the third time period. Thus, simulated hydraulic heads near the 
dominant pumping wells are drastically decreased.  Therefore, the pumping rates of dominant 
wells were decreased in order to match the hydraulic head against the 2007 published map of 
hydraulic heads.  The simulated hydraulic heads and concentration of chloride for each aquifer 
are shown in Figure 4.25-4.31. 
The simulated hydraulic heads are lower than the observed data, because the pumping rate is 
changed to low pumping rate. Additionally, the published map for the Yorktown is not provided 
by NCDENR.   
The simulated concentration of chloride is matched with the published map of observation 
data in the deep confining aquifers. In the shallow confining aquifers, such as the Yorktown, 
Castle Hayne, Beaufort and Peedee aquifer, the water contains high concentrations of chlorides. 
As a matter of fact, in the shallow confining aquifers, chloride concentrations are typically less 
than 250 mg/L. High concentration in the shallow confined aquifers are caused by thin aquifer 
thickness, and significant vertical flow.  
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Figure 4.24 Simulation results for the third simulation period for the concentration of chlorides 
in the CCP: view from the west (left); and view of cross section of middle of CCP (right) 
 
Figure 4.25 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Yorktown aquifer   
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Figure 4.26 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Castle Hayne aquifer and a 2007 published map of hydraulic head (ft, top 
figure, NCDENR 2008) 
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Figure 4.27 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Beaufort aquifer and a 2007 published map of hydraulic head (ft, top figure,  
NCDENR 2008) 
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Figure 4.28 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Peedee aquifer and a 2007 published map of hydraulic head (ft, top figure, 
NCDENR 2008) 
 
 
  76 
 
 
Figure 4.29 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Black Creek aquifer and a 2007 published map of hydraulic head (ft, top 
figure, NCDENR 2008) 
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Figure 4.30 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chloride 
(mg/L, right) for Upper Cape Fear aquifer and a 2007 published map of hydraulic head (ft, 
top figure, NCDENR 2008) 
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Figure 4.31 Simulated 1996-2007 hydraulic head (ft, left) and concentration of chlorides 
(mg/L, right) for Lower Cape Fear aquifer and a 2007 published map of hydraulic head (ft, 
top figure, NCDENR 2008) 
  
 
5 Summary and Conclusions 
Saltwater intrusion is one of the most important environmental issues related to 
groundwater use in the CCP region of NC. Prior to this work, there was no model of 
groundwater flow and saltwater intrusion for the CCP of North Carolina, although several 
models had simulated groundwater flow alone. In this study, such a model was constructed to 
better understand the behavior of saltwater intrusion due to the pumping in this region. 
The hydrological model of the CCP of North Carolina consists of seven confining 
aquifers and seven confining units. The simulation was divided into 4 steps: predevelopment, the 
first simulation period (1974~1982), the second simulation period (1983~1995), and the third 
simulation period (1996~2007). Simulated hydraulic heads matched well with predevelopment, 
and first and second simulation period observations.  The agreement was less satisfying for the 
third simulation period. The results showed that decreased hydraulic heads depended on 
dominant pumping wells of CCP.  
In predevelopment, the saltwater front extended along the coast not inland. After 
pumping, saltwater moved inland to a location that depended on the pumping rate. In the first 
time period, saltwater intrusion was observed in the east portion of the CCP and in the second 
simulation period the interface between freshwater and saltwater moved to the middle of CCP. 
Comparing the simulation results with a published map, the interface between freshwater and 
saltwater was similar for the deep confined aquifers, including the Black Creek, Upper Cape Fear 
and Lower Cape Fear aquifer. On the other hand, the simulated concentrations of chloride were 
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higher than the observed data in shallow confined aquifers, including the Yorktown, Castle 
Hayne, Beaufort and Peedee aquifers. High concentrations of chloride were caused by significant 
vertical flows and thin confining units. In addition, the simulated results were not good in the 
third time period because a couple of dominant pumping rates were decreased to avoid 
dewatering an aquifer. 
The difference between the observation data and the simulated hydraulic head and 
concentration of chloride was caused by uncertainty in hydraulic properties and insufficient 
pumping information. In this study, high dispersion and large grid sizes contributed to the 
difference between the simulation results and the observation data.  
To achieve better agreement between simulations and the observation data, the pumping 
location and pumping rates need to be accurate.  A more accurate specification of boundary 
conditions for confined aquifers of the CCP would also improve the accuracy of the simulations.
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